Crystal structure characterization. The CoFe x Al 2 − x O 4 (x ≈ 0-2.0) oxides were synthesized using a sol-gel method. The crystal structures of the CoFe x Al 2 − x O 4 oxides were characterized by powder X-ray diffraction (XRD). As displayed in Fig. 1a , the diffraction peaks of 
H ydrogen has long been proposed as an energy carrier for a sustainable and clean energy infrastructure. However, such an infrastructure has not yet been realized, even though many years have passed since it was first discussed. Reasons for this include the low efficiency and high material cost of water electrolysis-a method used to sustainably produce hydrogen fuel from water using the electrical energy generated by sustainable resources such as solar panels 1 . The low energy efficiency of water electrolysis is mainly caused by sluggish reaction kinetics at the anode 2 , where water is oxidized and the oxygen evolution reaction (OER) occurs. The benchmark anode electrocatalysts are noble metal-based oxides such as IrO 2 and RuO 2 (refs. 3, 4 ); however, the use of these oxides aggravates the cost problems for water electrolysis. In recent years, great efforts have been made to explore firstrow 3d transition metal oxides as low-cost alternatives for OER 1, 5 . One important advantage is that the active sites are oxyhydroxides generated under operando conditions [6] [7] [8] [9] [10] . In particular, many Co-based oxides have been reported to undergo surface self-reconstruction of Co sites to Co(iii) oxyhydroxides with the di-μ-oxo bridged Co-Co sites 11, 12 , offering higher activity 6, 9 . However, how to properly facilitate this surface reconstruction has remained elusive. Furthermore, surface reconstruction should be controlled to avoid compromising all the bulk of the oxide catalyst, which serves as the template for creating the highly active surface. Thus, it is highly desirable to develop strategies for activating and terminating the surface reconstruction.
Here, we report an approach to promoting surface reconstruction on inactive but low-cost CoAl 2 O 4 (see Supplementary Note 1 for more details) and boosting its OER performance by substituting Al with a small amount of Fe. The partially substituted CoFe 0.25 Al 1.75 O 4 outperforms some perovskites and IrO 2 . We demonstrate here that a low level of Fe substitution is able to facilitate the surface reconstruction of CoAl 2 O 4 by activating the pre-oxidation of Co and optimizing the O 2p level of oxide for greater structural flexibility. More importantly, a distinctive reconstruction behaviour with selftermination has been revealed on CoFe 0.25 Al 1.75 O 4 , which enables a stable surface chemistry. In addition, we suggest that, on the reconstructed surface, the Fe substitution facilitates a two-step deprotonation process, which leads to the formation of active oxygen sites at a low overpotential and thus greatly promotes the OER. Finally, the electrolysis application of CoFe 0.25 Al 1.75 O 4 as an OER catalyst is demonstrated in a membrane electrode assembly (MEA) configuration. the as-prepared CoAl 2 O 4 and CoFe 2 O 4 match with that of the standard cubic spinel (Fd-3m) oxides. CoFe x Al 2 − x O 4 oxides with different Fe substitution amounts remain in the cubic spinel structure. Furthermore, the diffraction peak exhibits a shift to a lower angle with increasing Fe substitution amount in the range of 0.25 < x < 2 ( Supplementary  Fig. 1 ). Such a peak shift could be ascribed to changes in lattice parameters induced by the different ionic radii of the Fe and Al cations and suggests a solid solution property. However, when the Co local atomic structure was investigated by extended X-ray absorption fine structure (EXAFS) analysis ( Fig. 1b and Supplementary Fig. 2 ), certain isobestic points, such as at 4.5 Å −1 , are remarkable, implying a complex property with Co in different components 13 . As observed in the Fourier transform (FT) Co K-edge EXAFS analysis in Fig. 1c , two separate peaks (peaks II and III) at ~2.4-3.1 Å are assigned to the features of Co Oh (octahedral site) and Co Td (tetrahedral site).
At x ≤ 0.25, no obvious changes are observed for peaks II and III compared to pristine CoAl 2 O 4 , indicating that low-level Fe substitution does not change the occupation of Co. The obvious uplift of these two peaks starts from x = 0.5, which could be attributed to the segregation of a component that comprises more octahedrally coordinated Co. This segregated component is inferred to be CoFe 2 O 4 which is in an inverse spinel structure where Co occupies the octahedral site 14 . This inference is supported by a Co K-edge X-ray absorption near edge structure (XANES) linear combination fitting (LCF) Fig. 3 ). The fitting delivers an extremely low R factor, which confirms the quality of the fit and indicates that Co is primarily in alters the local atomic structure of Co. As observed with Co K-edge EXAFS (Fig. 1c) , the first-shell peak at ~1.5 Å, representative of the metal-oxygen bond, is weakened by Fe substitution, suggesting a lower metal-oxygen coordination number and more oxygen vacancies 15 . Specifically, the EXAFS fitting result (Supplementary Table 1 ) of the first-shell peak for CoFe x Al 2 − x O 4 and CoAl 2 O 4 reveals that Fe substitution reduces the average coordination number by ~0.4, at maximum. Such an effect, indicating an increase in oxygen vacancies, is consistent with a decrease in cobalt valence state after Fe substitution, which is evidenced by the shift to lower energy of the Co K-edge XANES results (Fig. 1d) Table 3 ). Indeed, the Fe substitution in CoAl 2 O 4 was found to reduce the formation enthalpy of oxygen vacancies, which indicates easier formation of oxygen vacancies.
OER activity. The spinel CoFe x Al 2 − x O 4 oxides were then measured for their electrocatalytic OER performance under alkaline condition (for details see Methods). Supplementary Fig. 4 presents their steady OER cyclic voltammetry (CV) curves. The current density was normalized to the surface area of the oxides to give the intrinsic activity, with the surface area of oxides being determined by Brunauer-Emmett-Teller (BET) measurements (Supplementary Fig. 5 and Supplementary Table 4 ). An ohmic drop iR correction was applied to compensate potential losses resulting from the resistance of the electrolyte solution. As observed in Supplementary Fig. 4 , among these spinel oxides, CoFe 0.25 Al 1.75 O 4 is the best performing. Comparable OER performance is also observed for low-level Fe substituted oxides with x = 0.1 and 0.5. In contrast, on further increasing the Fe substitution, a significant drop in activity is found as x exceeds 0.5 in CoFe x Al 2 − x O 4 . Figure 1e shows selected OER CV curves for x = 0, 0.25 and 2. Much better OER activity is found for x = 0.25 than for x = 0 and x = 2. As seen in the Tafel plots given in the inset of Fig. 1e Supplementary Fig. 6 ). This activity contrast indicates a special role of Fe in oxides at low substitution levels. Previously benchmarked IrO 2 is also shown in the Tafel plot for comparison 4 . As observed, the electrocatalytic activity of the best-performing CoFe 0. 25 ). As shown in Supplementary Fig. 8a,b 4 as standard in order to study the composition throughout the substituted oxides ( Supplementary Fig. 3 and Supplementary Table 5 ). From the LCF (Fig. 1f, green Supplementary Fig. 9 ), as quantified from CV results (Fig. 1g ) using previously reported approaches 16, 17 . The pseudocapacitive charge is particularly large at low substitution levels but significantly decreases at high Fe substitutions (x ≥ 1). The pseudocapacitive charge indicates the redox of surface active sites 17 , and its consistent trend with OER activity throughout the oxides suggests that the amount of active sites is a dominating factor for OER activity here. Thus, the strong correlation between OER activity and the composition ratio should be ascribed to the CoFe 0.25 Al 1.75 O 4 component, which may govern the formation of active sites.
Active site identification. Attention was then directed to the dynamic changes at metal sites during the electrochemical process. Fig. 11 ). The pre-oxidation of Co(ii) in CoFe 0.25 Al 1.75 O 4 during potential sweeps is proposed to play a critical role in evolving active species (the preclusion of the pre-oxidation of Fe(iii) to evolve active species is described in the Supplementary Information). Earlier studies have revealed the importance of the pre-oxidation of Co(ii) in oxides for the OER, where Co(ii) is inclined to be oxidized to Co(iii) or a higher oxidation state (believed to be a critical step to generate active oxyhydroxide sites for OER) 18, 19 4 , the first cycle displays a larger pseudocapacitive charge than the second cycle, and the CV profiles exhibit negligible changes during subsequent cycles ( Supplementary Fig. 12 ). This electrochemical behaviour suggests that the surface of the catalysts might undergo an irreversible surface reconstruction into the oxyhydroxide 10 , evolving a stable catalytic surface for the OER. In addition, we found that the oxyhydroxide formation here displays different pseudocapacitive behaviours depending on the presence or not of Fe. To be specific, the anodic peak in the first cycle appears at ~1. 32 For CoAl 2 O 4 , the major anodic peak appears at ~1.38 V, which could be assigned to the Co(iii)/Co(iv) transition as suggested in previous literature 20 . However, the Co(iii)/Co(iv) transition cannot be rationalized without the earlier notable Co(ii)/Co(iii) anodic features (should appear at ~1.2 V versus RHE). Besides, its high intensity also contradicts the fact that only a small portion of Co cation in Co-based oxides could be reached and oxidized into Co(iv) 19, 21 . Considering that the surface has reconstructed during the first cycle, we believe that this anodic peak at ~1.38 V should be primarily attributed to the delayed Co(ii)/Co(iii) transition. Because the anodic process on the oxyhydroxide surface can be viewed as a deprotonation process with oxidation of the metal cation 12 , the delayed Co(ii) oxidation for CoAl 2 O 4 suggests a difficult deprotonation process. For CoFe 0.25 Al 1.75 O 4 , an obvious anodic wave is observed at ~1.2 V that is assigned to the Co(ii)/Co(iii) transition 9, 20 . This observation suggests an easier deprotonation process and activated Co(ii) oxidation due to the Fe substitution. Such Co(ii)/Co(iii) redox is followed by a double-layer charging response, which may result from the large surface area of the reconstructed surface and suggests a diffusion of a distribution of protons on the surface 22 . After such an anodic redox of Co species, CoFe 0.25 Al 1.75 O 4 exhibits the much lower overpotential required for triggering OER than that for CoAl 2 O 4 (~70 mV lower, as indicated in Fig. 1e ). Thus, it is clear that in the presence of Fe, highly active oxyhydroxides would be induced along with reconstruction of the oxide surface. Therefore, the Fe substitution is inferred to activate the Co pre-oxidation at low potential, facilitating both the surface reconstruction and the subsequent evolution of surface active sites. Such inference is further substantiated by in situ XANES and the active species as identified by in situ EXAFS. Figure 2b ,c presents the in situ Co K-edge FT EXAFS spectra without and with an applied potential of 1. 4 is also evidenced by scanning transmission electron microscopy coupled with electron energy loss spectroscopy (STEM-EELS; Fig. 2d ,e) and high-resolution TEM (HRTEM; Fig. 2g,h ) at the reconstructed surface. Under STEM-EELS, a notable increase is detected in the elemental ratio of Co (Co%) at the near surface of CoFe 0.25 Al 1.75 O 4 particles ( Supplementary Fig. 13 and Fig. 2f) , which would be a result of Co oxyhydroxide formation on the surface. The white-line ratio for the Co L edge (Fig. 2f) decreases and indicates an increased oxidation state 23 , which could be an effect of irreversible electrochemical oxidation of Co(ii) to form Co(iii) oxyhydroxide during the first cycle. Under HRTEM, the generated oxyhydroxide can be observed on the reconstructed surface of the oxide. Thus, the surface chemistry of CoFe 0.25 Al 1.75 O 4 is changed by reconstruction from the oxide into oxyhydroxide (Fig. 2i) . As it is reported that Co oxyhydroxides evolve as the active species for many Co-based oxide catalysts 7,9,10,18 , we believe that the reconstruction facilitated by Fe substitution is the most critical step for evolving active surface oxyhydroxide.
For active oxyhydroxides, some studies have proposed a socalled active oxygen species [24] [25] [26] that is created during the deprotonation (anodic sweep) step as the ultimate active site. Thus, given the observed alternation of the anodic peak with Fe substitution in the second CV cycle, the dynamic valence state of Co during the anodic sweep was examined by in situ XANES analysis. Its next deprotonation process is only observed at higher potential in region III. Thus, Fe substitution is likely to facilitate the deprotonation process at low potential to form active oxygen species on the surface, which accounts for the OER activity enhancement. Here, to illustrate the role of Fe in the deprotonation process, we propose two proton/electron transfer processes for evolving active oxygen sites on the CoFe 0.25 Al 1.75 O 4 surface. As shown in Fig. 2k , the first deprotonation process on CoFe 0.25 Al 1.75 O 4 should start at the bridged OH linked to both the Co and Fe centre, which is responsible for the valency increment of the Co(ii) cation, and this process on bridged OH could be facilitated by its neighbouring Fe 3+ centre. The first deprotonation process is followed by another deprotonation process at the terminal OH linked to the Co or Fe centre. A similar deprotonation process has also been reported for NiFe x OOH (ref. 25 ). Unlike NiFe x OOH, where the Fe substitution anodically shifts the Ni oxidation peak 12, 25 , an opposite behaviour was observed here for Fe-substituted CoAl 2 O 4 . The suppressing effect of Fe on Ni oxidation was explained by the kinetics barrier for the deprotonation of the terminal OH linked to the Fe centre 12 . Thus, on the basis of the activated Co oxidation in our study, we believe that the second deprotonation process should be at the terminal OH linked to the Co centre, and the activated Co oxidation is ascribed to the reduced kinetic barrier for proton abstraction at the Co site. The second process with one proton abstraction is not compensated by the metal oxidation, but rather by the negatively charged oxygen ligand (O*) that serves as the active site. However, for CoAl 2 O 4 , during the corresponding pseudocapacitive range it merely undergoes the deprotonation process on bridged OH (Fig. 2l) . The following deprotonation for CoAl 2 O 4 on the terminal OH is greatly delayed and the OER does not occur until the second deprotonation takes place, suggesting that this process is a prerequisite for the OER. Thus, the critical role of Fe is to facilitate the deprotonation process to generate an active oxygen site at a lower potential on CoFe 0.25 Al 1.75 O 4 , thereby leading to a lower overpotential for the OER. It should be noted that the redox reaction on the reconstructed oxyhydroxide surface would be greatly affected by the reconstruction process in the first cycle. As also observed in our pH dependence measurements (Fig. 3a) , the redox peak is greatly altered, not simply shifted, by changing the pH of the electrolyte. In particular, the redox peak is muted at pH ≤ 13. Clearly, this effect is driven by a pH-sensitive surface reconstruction, which results in the formation of surface oxyhydroxide in different states with different pH values. Such pH-sensitive surface reconstruction suggests that it may include a decoupled proton/electron transfer process such as lattice oxygen oxidation 27 , as further discussed in the next section.
Interpretation of O 2p.
As already mentioned, the active oxygen site is generated by the deprotonation of the oxyhydroxide surface, and reconstruction to form the surface oxyhydroxide is the prerequisite for efficient OER catalysis. We have also mentioned that the Fe-facilitating reconstruction is dominated by the CoFe 0.25 Al 1.75 O 4 component and may involve a decoupled proton/electron transfer process. The inner driving force for the reconstruction was studied by density functional theory (DFT) calculations, and an electronic density of state (DOS) calculation was used to examine changes in the electronic structure of the oxides following Fe substitution. The computational models for CoFe x Al 2 − x O 4 (x = 0, 0.25 and 2) are presented in Fig. 3b (for modelling and calculation details see Supplementary Information). The projected density of state (PDOS) of CoFe x Al 2 − x O 4 (x = 0, 0.25 and 2) oxides and their band centre energies are given in Fig. 3c (for more details see Supplementary 28, 29 . Given that the spinel structure contains octahedral MO 6 units like those of perovskite oxides 5, 32 , the O 2p band centre uplifted by Fe substitution should also facilitate V O •• formation in spinel oxides. In the structural analysis of substituted oxides, Fe substitution consistently lowers the metal-oxygen coordination number and decreases the Co valence state, suggesting an increased V O •• concentration. As well as having an influential role of the O 2p level in bulk V O •• formation, it also governs the lattice oxygen oxidation mechanism for oxides 27, 33, 34 . With the uplifted O 2p centre closer to the Fermi level, the oxygen character in the antibonding state below the Fermi level becomes more dominant (Fig. 3e) Supplementary Fig. 12 ). Lattice oxygen-mediated OER is always a feature with unstable oxides due to cation leaching on the catalysts and thus an increase in activity with cycling 34 . For example, Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3 − δ (BSCF), a well-known oxygen active perovskite catalyst, exhibits an approximately fourfold current increase over 50 cycles 36 . In contrast, the CoFe 0.25 Al 1.75 O 4 did not exhibit a marked OER current variation during CV cycling, suggesting that the reconstructed surface is stable and the involvement of lattice oxygen is not notable during OER catalysis. This was further supported by an electrochemical study on the active surface area and HRTEM analysis (Fig. 2g,h and Supplementary Fig. 14 quite stable during subsequent cycling (for a detailed discussion see Supplementary Note 2). This stable surface chemistry after reconstruction likely excludes the involvement of lattice oxygen in OER catalysis on the reconstructed surface, and also enables estimation of the specific activity normalized to the BET surface area to be accurate. However, we believe that the surface reconstruction should start with lattice oxygen oxidation, which results in the aforementioned pH-sensitive reconstruction (Fig. 3a) . According to previous reports, a high V O •• concentration (especially V O •• on the surface) will provide structural flexibility for surface reconstruction on oxides 6 . However, even though the induced V O
••
allows certain structural flexibility in the oxides, these V O •• are actually stabilized in the bulk crystal. In other words, the flexibility has to be triggered by an additional perturbation such as lattice oxygen oxidation. This is also supported by our theoretical studies and the XANES results for CoFe 2 O 4 , which was found to exhibit the lowest enthalpy for V O •• formation (Supplementary Table 3 ) and experimentally was found to possess the highest V O •• concentration (Supplementary Table 2 ) when compared to CoAl 2 O 4 and CoFe 0.25 Al 1.75 O 4 . However, neither an obvious reconstructionrelated current response in the first cycle nor a redox peak subjected to oxyhydroxide during the second cycle can be observed for CoFe 2 O 4 in CV plots (Supplementary Fig. 15) (Fig. 3a) and the lowest O 2p-band centre. We therefore believe that lattice oxygen oxidation at the pristine surface, creating more surface V O •• , should be a critical trigger for surface reconstruction. This is further indicated by the elemental ratio on the surface of the CoFe 0.25 Al 1.75 O 4 after 100 cycles (obtained by STEM-EELS; Fig. 2f ). The O% value greatly decreases along with a notable Co enrichment on the reconstructed surface, which supports the critical role of creating surface V O •• to trigger Co reconstruction. It is believed that, with lattice oxygen oxidation 27 , great structural instability emerges as the V O •• further accumulate on the oxide surface, inducing surface reconstruction (Fig. 3f) into oxyhydroxides, which are more stable under alkaline conditions 37, 38 . As a result, such dynamic instability in the electrochemical process can be electronically indicated by the O 2p level.
Importantly, while many reconstructable catalysts like BSCF exhibit unstable surface chemistry and become notably amorphous after cycling 36 , CoFe 0.25 Al 1.75 O 4 is distinguished by its stable surface chemistry after reconstruction, as discussed above. The reconstruction triggered by lattice oxygen oxidation was found to terminate after the first cycle, and the reconstructed surface is highly active and stable in subsequent cycles. To investigate the mechanism of this reconstruction termination, we carried out inductively coupled plasma-mass spectrometry (ICP-MS) on the electrolyte used for CoFe 0.25 Al 1.75 O 4 cycling. It was found that the leaching of Al cations was notable, while Co and Fe cations both exhibited negligible leaching (Supplementary Table 7) . Furthermore, under an operando timeline, Al leaching was found to finish quickly as the OER proceeded, and no notable Al leaching was observed thereafter (Fig. 4a) ; this is consistent with the reconstruction process observed in the CV analysis. We believe that the leaching of Al is closely associated with the reconstruction process. Indeed, as the Al leaches with reconstruction at the very beginning, this leaching alters the local electronic structure of the oxide to prevent further reconstruction (Fig. 4b) . We also employed DFT to study the local electronic structure Fig. 14b) for the lattice with Al vacancies (Fig. 4c ). As illustrated in Fig. 4d and Supplementary Fig. 16 , the O 2p level decreases in energy as Al vacancies are introduced into the lattice. As a result, lattice oxygen oxidation will be terminated as the O 2p level is low in energy, and the reconstruction thus stops as no more V O •• are created (Fig. 4e) 
)).
Its cost for a given performance is lower than that of noble metal oxides and other reported transition metal perovskites by orders of magnitude (Fig. 5b) . CoFe 0.25 Al 1.75 O 4 was further examined in a home-made MEA electrolysis cell with an anion exchange membrane as the solid electrolyte ( Supplementary Fig. 17 ). The CoFe 0.25 Al 1.75 O 4 exhibited a notably higher mass efficiency as well as higher areal activity than IrO 2 (Fig. 5c ). Its performance in MEA is also better than that reported for BSCF under similar conditions ( Supplementary Fig. 18 , using Cu-K α radiation (λ = 1.5418 Å). The BET surface area was analysed on an ASAP Tristar II 3020 system from single-point BET analysis performed after 12 h outgassing at 170 °C (Supplementary Table 4 ).
Electrochemical characterization under a three-electrode system. The working electrode was fabricated using a dropcasting method. The as-prepared catalysts were first mixed with acetylene black (AB) at a mass ratio of 5:1 and dispersed in isopropanol/water (vol/vol = 1:4) solvent, followed by the addition of Na + -exchanged Nafion as a binder, and were then ultrasonicated for 20 min to form a homogeneous ink. A 10 μl volume of the as-prepared ink was dropped onto a glassy carbon electrode (0.196 cm 2 ) and dried overnight at room temperature to yield a final loading mass of 255 μg ox cm −2 . The glassy carbon electrode was polished to a mirror finish with 50 nm α-Al 2 O 3 and ultrasonicated in isopropyl alcohol (IPA) and water until completely clean.
Electrochemical tests were carried out using a three-electrode method with CoFe x Al 2 − x O 4 as the working electrode, a platinum plate (1 × 2 cm 2 ) as the counter electrode and Hg/HgO (1 M KOH, aqueous, MMO) as the reference in O 2 -saturated 1.0 M KOH, using a Bio-logic SP 150 potentiostat. All potentials were converted to the RHE scale and iR-corrected by the resistance of the electrolyte. Conversion between the potentials versus RHE and versus MMO was performed with the following equation: E (versus RHE) = E (versus MMO) + E MMO (versus standard hydrogen electrode (SHE)) + 0.059 × pH. At 25 °C, E MMO (versus SHE) = 0.098 versus SHE. CV results were obtained for potentials from 0.875 to 1.575 V (versus RHE) at a scan rate of 10 mV s −1 . CV was also conducted for all samples under potentials from 0.695 to 1.495 V (versus RHE) to investigate the pseudocapacitive charge preceding the OER region. Chronopotentiometry measurements were performed by maintaining a specific current density of 10 μA cm 10 100
1.52 •• concentration was calculated on the basis of the nominal valence state of Co, Al(iii) and Fe. In situ XAS measurements were performed in fluorescence-transmission geometry, with the spectra of samples and references measured in fluorescence mode. The catalysts were sprayed on carbon paper at a loading of 2 mg cm −2 as the working electrode. Measurements were carried out under the same conditions as for OER measurements in a home-made cell. In situ XANES measurements were taken after one cycle. In situ XAFS measurements were carried out on as-prepared catalysts without any additional electrochemical treatment. Acquired XAFS data were processed with the ATHENA program and analysed in the ARTEMIS program integrated with IFEFFIT software package 40 .
DFT calculations. Calculations were carried out with the Vienna ab initio Simulation package (VASP) using a spin-polarized density functional with the Hubbard model (DFT+U) 41, 42 . The projector augmented wave (PAW) model with the Perdew-Burke-Ernzerhof (PBE) function was used to describe interactions between the core and electrons, and the value of the correlation energy (U) was fixed at 3.3 and 4.3 eV for the 3d orbitals of Co and Fe, respectively 43, 44 . An energy cutoff of 500 eV was used for the plane-wave expansion of the electronic wavefunction. The Brillouin zones of all systems were sampled with Gammapoint centred Monkhorst-Pack grids. A 7 × 7 × 7 Monkhorst-Pack k-point set-up was used for bulk geometry optimization, and 9 × 9 × 9 for electronic structure calculations. The force and energy convergence criterion were set to 0.02 eV Å −1 and 10 -5 eV, respectively. All the models were created by comparing the stability of spinel with the normal or inversed structure in a unit cell, and the structures at lower energy were selected for study. 4 was first mixed with high-surface-area carbon (HSAC, Ketjen black EC-600J, carbonization treatment) with a weight ratio of 1:1. The composite powder was then mixed with polytetrafluoroethylene (PTFE) suspension (60 wt% PTFE dispersion in water from Chemours), isopropyl alcohol and water to prepare the anode catalyst ink. The PTFE content in the catalyst layer was controlled with 10 wt%. The catalyst ink was ultrasonicated for 30 min at room temperature and manually spread onto a corrosion-resistant stainless-steel mesh (SSL mesh, #500). The catalyst loading on the as-prepared electrode was 1 mg cm −2 . The cathode Pt electrode was fabricated with the same procedure without the addition of HSAC. A catalyst ink, consisting of commercial Pt/C catalyst (TKK, TEC10EA50E 47.1 wt% Pt, 3.22 nm in mean particle size), PTFE suspension, isopropyl alcohol and water, was manually spread onto carbon paper (Toray 060). The catalyst loading on the electrode was 1 mg cm −2 . The PTFE content in the catalyst layer was 10 wt%. The IrO 2 anode was fabricated with commercial IrO 2 powder (Premetek) by the same procedure as used for preparing the CoFe 0.25 Al 1.75 O 4 electrode. An anion exchange membrane (A901, 11 μm, Tokuyama) was used as the membrane. To reduce the contact resistance, the membrane sandwiched by the anode electrode and cathode electrode was pressed at a pressure of 1 MPa for 5 min at room temperature, then 0.1 M KOH was pumped into the electrode channels by a peristaltic pump at a constant flow rate of 2 ml min −1
. The cell temperature (60 °C) was maintained by an electric heating plate and measured by a thermocouple placed near the anode and cathode current collectors. The polarization curves were measured with an electrochemical workstation (Solartron 1470E). The water electrolysis was performed in constant current mode, in which the current was increased in steps of 0.125 A (20 mA cm 
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